Advanced functional composite of ZnO nanoparticles embedded in N-doped nanoporous carbons has been synthesized by a simple one-step carbonization of zeolitic imidazolate framework-8 under a water stream atmosphere. A variety of characterization techniques show that the introduction of water steam during the carbonization process holds the key to obtain the fine and homogeneously dispersed ZnO nanoparticles within the functionalised nanoporous carbon matrix. Possessing a higher specific surface area, a larger pore volume and abundant oxygen-containing hydrophilic functional groups, the resulting composite exhibits a stronger interaction with CO 2 and is more efficient to promote the photocatalytic degradation-adsorption of methylene blue under visible light than the composite obtained without steam treatment. As a result, the steam derived composite exhibits increased CO 2 uptake capacity and excellent methylene blue molecules removal from water. Using different metal-organic frameworks as precursors, this new, simple and green method can be further expanded to generate various new homogeneous dispersed functional metal oxide/porous carbon composites with high efficient in relevant applications. 
Introduction
Porous carbon materials with high specific surface area, large pore volume, narrow pore-size distribution, good chemical and thermal resistance, and affinity to organic contaminations are very promising for many applications, [1] [2] [3] [4] particularly being widely used in air and water purification, gas storage, catalysts, and eletrochemical devices. [5] [6] [7] [8] After enormous efforts have been devoted to this field in recent years, the pore structures of carbons at micropore or mesopore levels can be readily controllable via various synthesis approaches. [9] [10] [11] Recently, porous carbon-metal oxide composite materials have attracted huge interest due to their promising potential in environmental applications, such as gas sorption and contamination removal from water. Reducing CO 2 emission has become a key environmental challenge since CO 2 , one of the main greenhouse gases and mainly generated from the combustion of fossil fuels, has been widely recognised as a main contributor to global warming.
For instance, mesoporous carbon-MgO composites have showed high efficiency for CO 2 capture. [12, 13] In addition, removal of organic pollutants from industrial and household wastewater is also an important environment issue and carbon-semiconductor composites have been explored for organic pollutants removal from wastewater. [14] [15] [16] [17] For example, porous carbon-TiO 2 composite acts not only as a photocatalyst under visible light and showed good photodegradation activity for organic pollutants, but also as an adsorbent to extract the pollutants through the pores of the matrix. [14] [15] [16] Similarly, porous carbon-doped ZnO composite also exhibited a good photocatalytic performance in terms of the degradation of organic pollutants under visible light. [17, 18] However, the components in these porous carbon-metal oxide composites usually cannot achieve homogeneous dispersion since they were frequently prepared by mechanical or physical mixing the metal oxides with the porous carbon materials. More recently, metal 4 organic frameworks (MOFs) (including Zeolitic Imidazolate Frameworks (ZIFs)), a new class of inorganic-organic crystalline nanoporous materials that assembled from metal ions coordinated to rigid organic ligands, [19, 20] have emerged as promising precursors or sacrificial templates for the preparation of porous carbon based materials, [21, 22] due to their tuneable structures, vast functionalities and fascinating properties. The preparation procedure is simple, and porous carbon-based materials can be produced by the direct carbonization of MOFs in an inert atmosphere, without any additional carbon precursors. Due to the inorganicorganic crystal structure of the parental MOFs, the generated metal or metal oxide can be remained homogeneously within the nanoporous carbon matrix. [21] To date, only a few reports have adopted such a thermal treatment of MOFs route for the fabrication of composites. Das et al reported a generalized strategy for the synthesis of crystalline metal oxide nanoparticles embedded in a carbon matrix by a controlled thermolysis of MOFs. [23] Yamauchi et al demonstrated that the creation of nanoporous carbon-Co 2 O 3 hybrid materials via a two-step thermal conversion of ZIF-9, [24] while Guangju et al obtained N-doped carbon-Co 3 O 4 composites using a one-step thermal conversion from a specific MOF, Co-I-MOF. [25] Most recently, we utilized a typical sodalite topology ZIF-8, which is built from corner-shared tetrahedral ZnN 4 units and the coordination bonds between the Zn 2+ ions and 2-methylimidazole anions that are amongst the most stable N-donor ligands, [26] 
Experimental

Materials synthesis
ZIF-8 was synthesized from zinc nitrate hexahydrate and 2-methylimidazole in methanol solution, following an established procedure.
[28] The porous composites were prepared by a one-step direct carbonization process in the presence of water steam. In a typical synthesis, an alumina boat with 0.25 g of dried ZIF-8 was placed in the centre of a flow-through quartz tube sitting in a tube furnace. The furnace was heated at 10 o C /min to the target temperature (typically 800 °C) under pure argon; when the furnace temperature reached 800 o C, a 20 ml/min of argon flow saturated with water vapour was introduced in and maintained at the target temperature for 3 h. The gas flow was then switched to argon only while the furnace cooled to room temperature. The final product was collected from the quartz tube and labelled as ZnO/C-S-S. Another sample was also obtained via the similar one-step direct carbonization process where a 20 ml/min of argon flow saturated with water vapour is constantly presented during the heating up step, the maintaining at the target temperature for 3 h and the cooling down to room temperature. This sample was designed as ZnO/C-S-L. For comparison, the one- given by the non-local density functional theory (NLDFT) method for slit/cylinder pores using 
Adsorption and photodegradation evaluation
Adsorption capacity on the removal of methylene blue (MB) in water solution for the as- 
Results and discussion
Characterizations of the composites
The sodalite structure of the precursor ZIF-8 was firstly confirmed by XRD in The ZnO/C composite derived from water vapour carbonization of ZIF-8 for longer duration
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(sample ZnO/C-S-L), exhibits the main XRD peaks from wurtzite ZnO with reduced peak intensities. However, the sample derived from the carbonization in argon (sample ZnO/C-A) displays no peaks from ZnO, which is consistent with our previous observation. [27] Clearly the carbonization atmosphere has significant effect on the resulting composites. In addition, all the ZnO/C composites exhibit a broad XRD peak centred at the 2θ of 25 o due to the (002) diffraction of carbon, indicating that the utilization of water vapour atmosphere does not damage the formation of porous carbon from ZIF-8 precursors. atmosphere, [32] but also suggests that ZnO/C composites derived from water steam carbonization possess more defects than that derived from argon atmosphere due to the weak oxidation capacity of high temperature water steam. (Fig. 4b) , assigned to Zn 2p3/2 and 2p1/2 lines, respectively. The binding energy distance between these two lines is 22.7 eV, indicating that the Zn ions in the composites are of a +2 state. As shown in Fig. 4c , the O 1s spectrum exhibited the bonding energy peaked at 531.8 eV, which can be assigned to O 2-ions in the Zn-O bonding of the wurtzite ZnO structure. [33] Moreover, the main peak for O 1s spectra can be deconvoluted into three peaks centred at 530.7, 532.1 and 533.2 eV, which can ascribe to the contribution from the functional groups HO-C=O, C=O and C-OH, respectively. [34, 35] It is worthwhile to note that the samples derived from water steam carbonization display higher O 1s peak intensity than sample derived from the carbonization in argon, indicating that water steam treatment successfully incorporates oxygen species into the resulting composites. The spectra for N species exhibit an intense peak at 398.7 eV and a less intense peak at about 400.6eV (see Fig. 4e ), indicating the formation of highly coordinated quaternary 'pyrrolic' N atoms (400.6 eV) incorporated into graphene sheets, along with pyridine-like N atoms incorporated into graphene sheets (398.7 eV). [27] As shown in Fig. 4d , the C 1s spectrum of the samples exhibits a main peak at 284.9 eV, consistent with sp 2 carbon. In addition, the C 1s spectrum can be further deconvoluted into peaks positioned at 284.8, 285.8 and 287.7 eV, which may attributed to C=C, C=N/C-O and C-N/C=O respectively. [29, 34, 35] Based on these XPS analysis and above-mentioned XRD results, we believe that the products derived from the carbonization of ZIF-8 under various conditions are basically N-doped carbon and ZnO composites.
The elemental analysis results of the composites based on EDX analysis are presented in Table 1 . The N content for ZnO/C-S samples derived from carbonization under water steam is 14 in the range of 11.6 to 8.1 wt%, remarkably lower than that for sample ZnO/C-A which was generated via carbonization under argon atmosphere and exhibits the highest N content of 16.5 wt%, possibly due to the high volatility of N species under water steam atmosphere. Actually the N content in sample ZnO/C-S-S is only half of that in sample ZnO/C-A. In addition, the bulk N content is very close to its surface content obtained from XPS (i.e., 8.1 and 7.8 wt% for
sample ZnO/C-S-S obtained via EDX and XPS analysis, respectively), implying the homogenous dispersion of N species in the resulting composites. typical rhombic dodecahedron morphology with an average particle size of 100-150 nm. [27] After carbonization process either in Ar or in steam atmosphere, as presented in Fig. 7 , all the ZnO/C composites exhibit spherical-like particles with shrank sizes around 100-130 nm but the small particles tend to agglomeration to form larger particles. It is difficult to observed obvious ZnO particles in low resolution TEM analysis, maybe due to the small particle size of ZnO and confinement effect by carbon. However, under high resolution TEM, the ZnO particles with size in the range of 5-10 nm can be clearly identified (as shown in Fig. 7b and Fig. S3 ). This is maybe due to the fact that the use of ZIF-8 as a both precursor and template, can result in ZnO nanoparticles formed locally surrounded or coated by porous carbon derived from the carbonization of 2-methylimidazole species in ZIF-8 with arrangement similar to the precursor ZIF-8 structures, leading to homogeneous embedded the ZnO nanoparticles in the porous carbon matrix. [38] In addition, as shown in Fig. 7b, d and f, some pore channels in the carbon domains are distinguishable, with an estimated pore diameter of ca. 0.8-1.0 nm, which is consistent with the pore size obtained from N 2 sorption analysis. Selected area electron diffraction (SAED) pattern (inset in Fig. 7b ) confirms the formation of crystalline ZnO and amorphous carbon, which is in agreement with the XRD observation in Fig. 1 . which is generally consistent with the gradually increased specific surface areas of these 21 composites. Therefore, sample ZnO/C-S-L derived from steam carbonization for longer time shows the highest CO 2 uptake at 1 bar amongst these composites. However, under low pressures, the ZnO/C-A sample with lower surface area but higher N content out-performs the samples ZnO/C-S-S and ZnO/C-S-L with higher specific surface area but lower N content in the CO 2 uptake, implying that both specific surface area and N content play important roles in the CO 2 adsorption process at 25 o C, which is consistent with previous reports. [27, 39] Moreover, as shown in Fig. S6 and Table 1 Furthermore, ZnO may also play an important role in the initial interaction, by forming a strong chemical interaction between ZnO nanoparticles and CO 2 molecules when CO 2 is chemisorbed onto its surfaces. [41] [42] [43] Although the mechanism of the chemical interaction between them is yet to fully understand, it is believed the chemisorption of CO 2 on ZnO resulting in the formation of CO 3 2-carbonate, [44] which increases the interactions between the adsorbents and CO 2 .
At higher coverages, the Q st of the ZnO/C-A, ZnO/C-S-S and ZnO/C-S-L materials reduces to an average of 32, 39, and 42 kJ mol -1 , respectively, which is much higher than previously reported values for pure carbon and N-doped carbon absorbents. To illustrate the adsorption selectivity of the materials, CO 2 uptake against N 2 sorption (shown in Fig. S7 ) on the materials were performed. At ambient temperature and pressure, CO 2 adsorption capacity on sample ZnO/C-S-S (3.05 mmol g -1 ) is much higher than that of N 2 (0.18 mmol g -1 ), which results in the CO 2 / N 2 adsorption ratio on sample ZnO/C-S-S is 16.9. Similar CO 2 / N 2 adsorption ratio on sample ZnO/C-S-L and ZnO/C-A (17.7 and 15.7, respectively) is also observed, implying good selectivity for CO 2 uptake on the synthesized nanocomposites.
24
The high uptake capacity and good selectivity for CO 2 render these nanocomposites to be promising CO 2 absorbents.
Removal of methyl blue from water
The porous carbons embedding with ZnO nanoparticles are frequently considered as efficient materials in adsorption and photodegradation of a toxic model substance, methylene blue (MB), under visible-light irradation. [17, 18] To evaluate the capability to removal of MB pollutant from water, the adsorption performance of different samples were first carried out in dark room.
As shown in gas sorption analysis (Fig. 6) . Thus, the matched pore diameters can easily facilitate the diffusion of MB molecules into the carbon matrices. Moreover, the MB dye can interact effectively with the carbon surface, due to the π-π interaction between the MB molecule and the sp 2 graphitic carbon in the ZnO/C composites (as confirmed by Raman analysis in Fig.   3 ). [46] In addition, the formed -COOH groups on the pore surfaces of the ZnO/C-S-S and ZnO/C-S-L, which were introduced by water steam carbonization, may also increase the interactions with the MB molecules.
[47] Further adsorption kinetics analyses are carried out, using the pseudo-first-order and pseudo-second-order kinetic model, [48] in an effort to understand the adsorption mechanism.
The pseudo-first-order equation is given as follows:
where k 1 (min −1 ) is the adsorption rate constant of pseudo-first-order model, Q e (mg g -1 ) and Q t (mg g -1 ) are the amount on adsorbent at equilibrium and time t, respectively.
The pseudo-second-order rate reaction is dependent on the amount of solute adsorbed on the surface of the adsorbent and the amount adsorbed at equilibrium.The pseudo-second-order equation is given as follows:
where k 2 (g mg -1 min -1 ) is the adsorption rate constant for the pseudo-second-order adsorption; Q e (mg g −1 ) and Q t (mg g −1 ) are the amount of solute adsorbed at equilibrium and at time t.
The linear plots of log(Q e −Q t ) vs. t and (t/Q t ) vs. t are drawn for the pseudo-first-order and pseudo-second-order models, respectively (See Fig. S8 ). The adsorption rate constants k 1 and k 2 can be obtained from the plot of experimental data. The adsorption rate constants, the calculated Q e , and the correlation coefficients R 2 for the two kinetic models of the assynthesized materials are summarized in Table 2 . As seen from Table 2 ZnO/C-A and pure ZnO respectively, which indicates that photo-degradation contributes to 32, 19, 7 and 28% of the MB removal, respectively. Considering that only 10, 13 and 15% ZnO exisit in the obtained composite ZnO/C-S-L, ZnO/C-S-S and ZnO/C-A respectively, the photodegradation efficiency of ZnO in all composites outperform the pure ZnO in their photocatalytic removal of MB from water. This is due to the fact that carbon species in the composites can effectively modify the bandgaps of ZnO, generate localized states in the bandgap which results in the presence of an absorption tail extending into the visible range. [51] It is worth noting that a commercial ZnO (size ~200 nm) exhibited the similar photocatalytic activity (shown in Fig. S9 ) with the pure ZnO obtained from annealing of ZIF-8 in air, while another commercial material TiO 2 (P25) showed no photocatalytic activity under visible light radiation, which is consistent with the fact that P25 is photocatalytic activity under UV radiation instead of visible light. [52] Consequently, the carbon species in ZnO/C composite promotes the photodegradation performance. Moreover, compared to the sample ZnO/C-A obtained from the carbonization of ZIF-8 in Ar atmosphere, the composites ZnO/C-S-L and ZnO/C-S-S derived from steam carbonization possessing abundant hydrophilic oxygen-containing functional groups may facilitate the approaching and accommodating of MB molecules, which may result in samples ZnO/C-S-L and ZnO/C-S-S exhibit higher photo-degradation performances than ZnO/C-A. In addition, composite ZnO/C-S-S out-performs the composite ZnO/C-S-L in photo-degradation of MB in water due to the higher ZnO content in the former sample.
The reusability of sample ZnO/C-S-S is also assessed for the removal of MB from water under visible-light irradiation. In the consecutive tests, the composite catalysts were separated from the solution by filtration, washed several times with deionized water, followed by dried in oven at 120 o C for 3 h and then used for the next run. As shown in Fig. 11 , the MB removal efficiency was remain high and still higher than 95% after six consecutive runs, suggesting a 29 good stability and reusability for the ZnO/C-S-S materials. It is likely that the physical walls of the porous carbon provide a confined space for photocatalysis, [15] which can prevent the aggregation of ZnO nanoparticles, maintain the high dispersibility of ZnO particles in porous carbon matrix, therefore the composite materials can keep the high adsorption and degradation activity and enhance the stability for MB removal from water. 
Conclusions
In summary, we have successfully developed a simple one-step water steam carbonization route to synthesize ZnO nanocrystal particles homogeneously embedded within N-doped porous carbon matrix using ZIF-8 as a precursor. This new and green method holds several advantages: (1) the porosity of composites can be significantly improved; (2) the crystallinity of metal oxide is remarkably increased and (3) abundant oxygen-containing hydrophilic 30 functional groups have been introduced into the N-doped porous carbon in the composites. The resultants ZnO/C-S-S and ZnO/C-S-L exhibit promising CO 2 uptake capacities, high CO 2 selectivity, with a remarkable high CO 2 adsorption energy at low surface coverages due to the high porosity, high N content and a strong chemical interaction between CO 2 and the composites. Furthermore, with excellent adsorption and degradation abilities, these composites are also highly efficient for methylene blue (MB) removal from wastewater under visible-light irradiation, which can be attributed to the high porosity, additional functional groups, open network structure of the carbon matrix and the excellent photocatalytic performance of ZnO nanocrystals. Kinetics studies show that the adsorption process is dominated with a pseudosecond-order adsorption model. This present work offers a new approach for the design and syntheses of highly homogeneous dispersed metal oxide/porous carbon composite materials that display enhanced sorption and efficient catalytic behaviours.
